The ability to regulate gene activity in a spatiotemporally controllable manner is vital for biological discovery that will impact disease diagnosis and treatment. While conditional gene silencing is possible in other genetic model organisms, this technology is largely unavailable in zebrafish, an important vertebrate model organism for functional gene discovery. Here, using short hairpin RNAs (shRNAs) designed in the microRNA-30 backbone, which have been shown to mimic natural microRNA primary transcripts and be more effective than simple shRNAs, we report stable RNAi-mediated gene silencing in zebrafish employing the yeast Gal4-UAS system. Using this approach, we reveal at singlecell resolution the role of atypical protein kinase Cλ (aPKCλ) in regulating neural progenitor/stem cell division. We also show effective silencing of the one-eyed-pinhead and no-tail/brachyury genes. Furthermore, we demonstrate stable integration and germ-line transmission of the UAS-miR-shRNAs for aPKCλ, the expressivity of which is controllable by the strength and expression of Gal4. This technology shall significantly advance the utility of zebrafish for understanding fundamental vertebrate biology and for the identification and evaluation of important therapeutic targets.
Results and Discussion

Conditional miR-shRNA expression system
We designed shRNAs employing the primary miR-30 backbones (hence called miR-shRNAs) (Fig. 1A) . The fluorescent reporter TdTomato conveniently marked the cells that express the miR-shRNAs. Three genes were used as the test set: 1) the atypical protein kinase C lambda (aPKCλ), for which a distinct loss-of-function phenotype has been documented in zebrafish. We chose this gene also because its disruption produces a highly specific cellular phenotype, that is, an alteration of spindle rotation in dividing radial glia progenitor cells (HORNE-BADOVINAC et al. 2001) . 2) the no tail a (ntla) and 3) one-eyed pinhead (oep) genes, for which distinct loss-of-function phenotypes can be readily assessed (SCHULTE-MERKER et al. 1994; ZHANG et al. 1998) . Using the web-based shRNA design tool (www.genescript.com) together with the filtering criteria based on thermodynamic properties (UI-TEI et al. 2008) , six shRNAs targeting the apkcλ gene ( Supplementary Fig. 1 ), four shRNAs each that targeted the ntla (Supplementary Fig. 2 ) and oep ( Supplementary Fig. 3 ) genes were selected.
Transient in vivo RNAi is highly potent in knocking down gene activity
For functional validation of shRNAs, we employed a transient in vivo transgenesis method. Although the mosaic expression is an inevitable feature associated with transient transgenesis, this can be alleviated by coexpression of the Tol2 transposase (LI et al. 2010) and selection of high expressers with the visible reporter TdTomato ( Supplementary Fig. 4 ). DNA plasmids carrying the Pef-1a-Gal4 (Elongation Factor 1a promoterdriven Gal4) and UAS-miR-shRNA together with the transposase were co-injected into one-cell stage zebrafish embryos. Three out of six miR-shRNAs targeting apkcλ, and three out of four miR-shRNAs targeting either oep or ntla genes led to gene-specific phenotypes (with variable penetrance) that could be rescued by delivery of shRNA-resistant wild-type mRNAs for the respective genes (Fig. 1B, and Supplementary Tables 1 to 3 ).
Quantitative RT-PCR analysis using total RNAs from 10 hpf shRNA-expressing embryos showed a genespecific reduction of endogenous mRNAs cognate to the shRNA target genes, and co-delivery of two shRNAs (1+5) targeting apkcλ further decreased the endogenous apkcλ level (Fig. 1C) . Immunostaining of the aPKC protein (recognizing both λ and θ isoforms) showed at single-cell levels that the two most effective shRNAs, apkcλ-shRNA5 and apkcλ-shRNA1, diminished the apically localized aPKC protein in radial glia progenitors, whereas the ineffective apkcλ-shRNA7 did not (Fig. 1D) .
Transient in vivo RNAi is a powerful tool for genetic mosaic analysis
A useful application of transient RNAi is in vivo genetic mosaic analysis at single-cell resolution. Using timelapse imaging, we further analyzed the miR-shRNA-expressing individual radial glia progenitor cells for the mitotic spindle rotation phenotype associated with the loss of apkcλ gene activity (HORNE-BADOVINAC et al. 2001 and Tg[Ubi-GFF] cross, ~30% of the TdTom-positive embryos displayed a heart defect with cardiac edema that was strictly correlated with the expression of TdTom (Fig. 2B , middle panels compared to the top panels).
This heart defect was rescued by the delivery of shRNA-resistant apkcλ mRNA (Fig. 2B , bottom panels, and 2C). Furthermore, to test for the spatiotemporal effect of RNAi, we crossed the UAS-TdTom-miR-shRNA1 apkcλ founder (A) with Tg [hsp-gal4] , and subjected the resulting embryos to a transient heat shock. The data showed an shRNA-dependent cardiac defect upon heat shock (Fig. 2D) . Together, these results demonstrate the stable integration and germ-line transmission of RNAi in zebrafish, and uncover a cardiac impairment by UASTdTom-miR-shRNA1 apkcλ that is temporally regulatable.
To determine whether a greater impairment of apkcλ gene activity might be achievable if the strength of Gal4 driver was increased, we used KalTA4, an optimized version of Gal4 for zebrafish (DISTEL et al. 2009 Supplementary Fig. 5 ), which measures target (e.g. apkcλ mRNA) and control (e.g. gapdh mRNA) molecules in the same biological reaction for superb precision and sensitivity (HUA et al. 2010) . The results showed a clear correlation between the phenotypic severity and the apkcλ mRNA knockdown level (Fig. 2E) . Together, these results uncover a dosage-dependent knockdown of apkcλ gene activity through stable UAS-miR-shRNA transgenesis and controllable expression of Gal4.
Conclusions.
We show that RNAi employing the miR-shRNA and Gal4/UAS system is a promising technology for conditional gene silencing in zebrafish. Compared to previous reports (DE RIENZO et al. 2012; DONG et al. 2009 ), our bipartite Gal4-UAS -based design offers greater versatility and synergizes with the ongoing development of Gal4 enhancer trap lines in zebrafish.
Two platforms are established that can be used either independently or in combination to serve different research needs. The first platform is the in vivo transient RNAi. We demonstrate that this method leads to robust and specific phenotypes associated with three different genes, apkcλ, oep, and ntla. We also show that it is a powerful tool for genetic mosaic analysis at single-cell resolution. The ability to detect significant and dosage-dependent decrease of target mRNA expression also makes the in vivo transient RNAi a high throughput screening tool for identifying effective miR-shRNAs. The second platform is the in vivo stable RNAi. We show that the miR-shRNA transgenes can be stably inherited in subsequent generations and leads to significant gene knockdown that is temporally regulatable and dependent on the strength and expression of the Gal4 driver. RNAi-mediated gene silencing employing the Gal4-UAS system in zebrafish that has the potential to transform the utility of this vertebrate for uncovering novel biology and modeling human diseases.
Materials and Methods
Zebrafish strains
Wild-type embryos were obtained from natural spawning of AB adults. The transgenic line Tg [ubi-GFF] (ASAKAWA and KAWAKAMI 2010) was a gift from K. Kawakami. The apkcλ mutant heart and soul was kindly provided by D. Stainier.
ShRNA design
ShRNA design was performed using the siRNA design tool from the following website:
http://www.genscript.com/design_center.html, which ranks target candidates based on a proprietary algorithm using Δ E parameters. We further refined the list by removing the candidates that have more than 3 G/C in 6-11 nt of the target sequences, based on a thermodynamic study of siRNA (UI-TEI et al. 2008) .
Vector construction
The shRNA precursor structure was designed based on the miR-30e precursor in zebrafish. The miR-30e target and guide sequences were replaced with the predicted shRNA target and guide sequences. To best mimic the miR-30e precursor structure, we kept the original loop region and the flanking sequences of the miR30e precursor and introduced two mismatched "TT ' into the shRNA guide sequence between nt 12 and nt 13.
We synthesized a pair of complementary oligos that include all the designed shRNA structures (guide sequence, loop sequence, target sequence and the flanking sequences) and the annealed oligos were inserted into zebrafish miR-30e backbone in expression vectors kindly provided by the late Dr. Ting Xi Liu (DONG et al.
2009).
The following 5xUAS sequence was used:
cggagtactgtcctccgagcggagtactgtcctccgagcggagtactgtcctccgagcggagtactgtcctccgagcggagtactgtcctccg.
DNA and RNA injection
DNA and RNA injections were performed at 1-cell stage. For genetic mosaic analyses, RNAi constructs (UAS-
TdTomato-shRNA1
apkcλ -miniTol2 or UAS-TdTomato-shRNA5 apkcλ -miniTol2, 75 pg per embryo) was coinjected with EF1 -GFF-PT2KXIG (elongation factor 1a regulatory element -driven Gal4)(50 pg per embryo) and Tol2 tranposase (10 pg per embryo). Sense strand-capped RNA was synthesized by SP6 transcription from NotI-linearized plasmid using the mMESSAGE mMACHINE system (Ambion). RNAi-resistant sense RNAs for apkcλ, a 
Heat shock of zebrafish embryos
Heat shock of zebrafish embryos was performed at the stage of 8 hpf (75%-epiboly). Fertilized embryos were collected from the cross between the UAS-TdTom-miR-shRNA1 apkcλ founder A and the hsp70-Gal4 transgenic animal, and were raised at 28.5 °C before heat shock. A 500 mL glass beaker filled with 100 mL egg water was preheated to 37 °C in water bath right before heat shock. Around 100 embryos were transferred to the preheated egg water at 8 hpf and incubated in 37 °C water bath for 1 hour. The embryos were then transferred to 28.5 °C egg water immediately and raised in 28.5 °C incubator until analysis.
Phenotypic analyses
Phenotypic analyses were performed manually under a bright field dissection microscope. For apkcλ RNAi, four morphological phenotypes were analyzed, which are typically observed in the apkcλ mutant (heart and soul) (HORNE-BADOVINAC et al. 2001) : (1) defect in heart tube assembly; (2) patchy retinal pigmented epithelium (RPE); (3) failure of the brain ventricle to inflate; (4) abnormal body curve. The Number of embryos that are positive for each phenotype as well as the total number of all embryos was counted for both RNAi groups and control groups. Statistic analyses were performed based on positive percentage for each phenotype. For ntla and oep RNAi, the typical no tail phenotype and one-eyed pinhead phenotype were analyzed.
Time-lapse in vivo imaging
To observe the division orientation of radial glia progenitor cells, time-lapse in vivo imaging was performed on embryos injected with 3NLS:EGFP sense RNA, EF1 -GFF-PT2KXIG DNA, and 5xUAS-tdTomatoshRNA apkcλ -miniTol2 DNA (see 'DNA and RNA injection for detail) at 24 hpf. The imaging was performed as previously described (DONG et al. 2012) . In brief, embryos were mounted in low melting point agarose and
properly placed on a temperature -controlled stage of the confocal microscope. We used a Nikon C1 spectral confocal microscope with up-right objectives. Fluorescently labeled individual neural progenitor cells were imaged for 2 hours with a fixed interval of 90 seconds under a 40x water -dipping objective. The parameters of confocal imaging were determined as sufficient to capture the orientation of cell division, while reducing photobleaching during the imaging period.
Immunohistochemistry
Immunohistochemistry was performed on whole mount embryos as described previously (GUO et al. 1999) .
Embryos were fixed with 4% paraformaldehyde. Embryos older than 60 hours postfertilization (hpf) were treated with proteinase K before incubation in primary antibodies (rabbit anti-aPKC 1:100, Santa Cruz sc-216) at 4°C overnight. After four washes with phosphate buffered saline with 0.1% Tween, 0.5% Triton X-100, 1%
DMSO, the embryos were incubated with Alexa Fluro secondary antibody (1:2000, Invitrogen) at 4°C overnight. After wash and glycerol sequential, the embryos were mounted and imaged using Nikon C1 confocal microscope.
Quantitative real-time RT-PCR analyses
For the analyses of knockdown of apkcλ expression by transient RNAi, the control or RNAi embryos were collected at 10 hpf and total RNA from pooled embryos (20 embryos per sample for each group) was extracted using Trizol reagent (Invitrogen) followed by treatment with Turbo DNA-free DNase (Ambion). First-strand cDNA was reverse transcribed using oligo-dT primers and Superscript reverse transcriptase (Invitrogen). Realtime PCR amplifications of apkcλ, oep, ntla and gapdhs were carried out with SYBR Green PCR Master Mix 
Droplet Digital PCR analyses
For the analyses of knockdown of apkcλ expression by stable RNAi transgenesis, the sibling control or RNAi transgenic embryos were collected at 24 hpf and total RNA from single embryos was extracted using Trizol reagent (Invitrogen) followed by treatment with Turbo DNA-free DNase (Ambion). First-strand cDNA was reverse transcribed using oligo-dT primers and Superscript reverse transcriptase (Invitrogen). Droplet Digital PCR amplifications of apkcλ and gapdhs were carried out with primers and probes carrying fluorophore modifications. The sequences of the primers are the same as used in qRT-PCR analyses. Additionally, FAMmodified apkcλ probe (5'-FAM-ATGTGCTCCATGGACAATGACCAGCT-3') and HEX -modified gapdhs probe (5'-HEX-TTCCAGTGCATGAAGCCTGCTGAGAT-3') were used. Data were analyzed using the Quantasoft Version 1.2.10.0.
Stable transgenesis
Stable UAS-miR-shRNA apckcλ transgenic lines were generated using the Tol2 transposon system as described previously (SUSTER et al. 2009 were shown on top of the bar graph. *: P < 0.05, **: P < 0.01, ***: P < 0.001, vs control sibling.
